Abstract Global expression profiling of mammalian cells used for the production of biopharmaceuticals will allow greater insights into the molecular mechanisms that result in a high producing cellular phenotype. These studies may give insights for genetic intervention to possibly create better host cell lines or even to provide clues to more rational strategies for cell line and process development. In this review I will focus on the contribution of proteomic technologies to a greater understanding of the biology of Chinese hamster ovary cells and other producing cell lines such as NS0 mouse cells.
Introduction
Mammalian cell culture is widely used for the manufacture of many biopharmaceuticals for therapeutic, diagnostic and research uses. These recombinant proteins include the classical products such as erythropoietin, factor VIII and tissue plasminogen activator, and more recently there has been a surge in the discovery and manufacture of antibody-based therapeutics.
Many strategies are being used to improve productivity, including improvements in vector design (Fussenegger et al. 1998) , optimisation of media formulation (Carvalhal et al. 2003) supplementation of stimulatory agents (Liu et al. 2001a, b; Arts et al. 1995) and also a huge improvement in the design of bioprocess reactors with sophisticated control mechanisms.
Chinese hamster ovary (CHO) cells are currently the most important cells used for the production of biopharmaceuticals from mammalian cells and will probably remain so for the foreseeable future given their high productivity, their robust nature, their track record in industry, and their safety record (Chu and Robinson 2001) . There has been considerable success in developing high producing CHO cell lines using such approaches as outlined above. However there is still a very poor fundamental understanding of the molecular mechanisms governing such phenotypes, and if there are to be considerable improvements in achieving >10 g/l of product a basic understanding of the biology of these cells is required.
The global expression profiling methods such as expression DNA microarrays and proteomic analysis are been used extensively to gain insights into the biology of CHO cells and other producing cell lines such as NS0 mouse cells (Seth et al. 2006; Nissom et al. 2006) . The relationship between transcriptome and proteome expression is not linear (Gygi et al. 1999a , de Nobel et al. 2001 , therefore a combination of both transcriptome and proteome analyses should be performed for the comprehension of cellular mechanisms in large-scale mammalian cell culture processes. These studies may give insights for genetic intervention to possibly create better host cell lines or even to provide clues to more rational strategies for cell line and process development. This review will focus on the contribution of proteomic profiling studies to a better understanding of mammalian cell culture processes to date.
Proteomic technologies
There are several proteomics technologies used for protein expression profiling including Twodimensional Polyacrylamide Gel Electrophoresis (2D-PAGE), Surface Enhanced Laser Desorption/ Ionisation Time of Flight (SELDI-ToF), Protein Arrays, isobaric tag labelling technologies such as ICAT (Isotope Coded Affinity Tags) and iTRAQ TM (Isobaric Tagging for Relative and Absolute Protein Quantitation), and Multidimensional Protein Identification Technology (MudPIT). To date most of the studies relating to large-scale mammalian cell culture have used 2D-PAGE and mass spectrometry based approaches, though isobaric tag labelling approaches are becoming more popular as the technology develops.
2D-PAGE and mass spectrometry
Two-dimensional Polyacrylamide Gel Electrophoresis (2D-PAGE) is perhaps the most widely used proteomics technique to study the proteome (Gö rg et al. 2004 ). 2D-PAGE remains challenging mainly because of its low sensitivity and reproducibility. There are also many limitations inherent to the technique including difficulties in separating low abundant proteins, hydrophobic proteins (e.g. membrane), high/low molecular weight proteins, and also proteins with extremes of pI. Differential gel electrophoresis (DIGE), a modified version of 2D-PAGE, which uses differential labelling of protein samples with different fluorescent tags, offers increased throughput, ease of use, reproducibility, and accurate quantitation of protein expression differences (Unlu et al. 1997) . This system enables the separation of two or three fluorescently labelled protein samples (Cy2, Cy3 and Cy5) on the same gel. Differential analysis software such as Decyder TM identifies differentially expressed proteins of interest and these can then be enzymatically digested with trypsin and readily identified using mass spectrometry. Mass Spectrometry techniques such as Matrix Assisted Laser Desorption Ionisation Time-of-Flight Mass Spectrometry (MALDI-ToF MS) can identify proteins by generating peptide mass fingerprints (PMF) and subsequent database searching. Additionally electrospray ionisation (ESI-MS/MS) techniques are capable of providing amino acid sequence information on peptide fragments of the parent protein (Mann et al. 2001) . A number of 2D electrophoresis maps containing the location of identified proteins have been generated for CHO cells (Naryzhny and Lee 2001; Hayduk et al. 2004; Champion et al. 1999 ) and NS0 cells (Smales et al. 2004 ).
Isobaric tag labelling technology

ICAT
Isotope-coded affinity tags (ICAT) use stable isotope labelling to perform quantitative analysis of paired protein samples. They contain a proteinreactive group, an ethylene glycol linker and a biotin tag (Gygi et al. 1999b) . Two different isotope tags are generated by using linkers that contain either 8 hydrogen atoms (d0, light reagent) or 8 deuterium atoms (d8, heavy reagent) which bind covalently to cysteine moieties of amino acid within protein(s). Both samples are mixed, digested with trypsin, fractionated by avidin affinity chromatography and then these differentially tagged peptides are scanned on the mass spectrometer. Spectral peak analysis in single mass spectrometric (MS) mode of the isotopically resolved peptides from the two different sources enables quantitation of the relative amounts of the peptide and hence the protein levels. Differentially expressed proteins can then be identified by tandem MS (MS/MS) sequencing. One weakness of ICAT is that only cysteinecontaining peptides can be labelled. Approximately 10% of proteins do not have cysteine, therefore they will not be detected by ICAT.
iTRAQ A similar isobaric labelling technology to ICAT, called iTRAQ, that labels amine residues in peptides has been recently developed (Ross et al. 2004) . iTRAQ contains a set of four isobaric reagents and therefore can analyze up to four protein samples at the one time. After trypsin digestion, samples are labelled with 4 independent iTRAQ reagents. The reporter groups of the iTRAQ reagents will split from the peptide and generate small fragments for each sample with mass to charge ratios (m/z) of 114, 115, 116, and 117. The intensity of each of these peaks represents the quantity of small reporter group fragment and thus represents the quantity of a peptide sample. Peaks in the spectrum graph are used to identify peptide sequences and therefore identify the proteins of interest. By comparing the amounts of peptides labelled with each iTRAQ reagent, quantitative differences can be readily measured. Two recent reports have demonstrated the use of iTRAQ technology for profiling high producing recombinant CHO and NS0 cells (Seth et al. 2006; Nissom et al. 2006 ).
Other proteomic technologies
Other proteomic profiling technologies such as SELDI-ToF MS, protein arrays and MudPIT have been extensively used in biomedical applications such as cancer and other diseases (Seibert et al. 2005; Borrebaeck 2006; Kislinger et al. 2005) .
To date there have been limited reports using these approaches in profiling recombinant mammalian cell lines for understanding phenotypic characteristics of relevance to large scale biopharmaceutical production. SELDI-ToF MS allows proteins/peptides to be profiled from different biological samples such as serum, on a variety of chemically (anionic, cationic, hydrophobic, hydrophilic, metal affinity capture, etc.) or bio-chemically (immobilised antibody, receptor, DNA, enzyme, etc.) defined chromatographic surfaces. The ToF reader records the time of flight and calculates the accurate molecular weight of proteins/peptides in the form of a spectral map containing mass to charge ratios (m/z) and intensities corresponding to each bound proteins/peptides. Software analysis of the spectral map allows the detection of differentially expressed protein/peptides with statistical significance (Koopman et al. 2004; Petricoin et al. 2002) . MUDPIT is a non-gel approach that uses multidimensional high-pressure liquid chromatography (LC/LC) separation, tandem mass spectrometry, and database searching to identify differentially regulated proteins of interest (McDonald and Yates 2002) . The complex protein mixture is digested with a specific protease, then peptide fragments allowed to separate in parallel with two-dimensional liquid chromatography using a strong cation exchange (SCX) column that separate peptides based on charge, and then by a reverse phase (RP) column based on hydrophobicity. Eluted peptides can then be identified using mass spectrometry. Protein arrays, which are similar in thinking to DNA microarrays are being used for drug discovery, biomarker identification and molecular profiling of cellular material. They can be generated by spotting antibodies or other affinity reagents, such as aptamers, purified proteins/peptides or fractionated proteins onto some sort of matrix to generate a protein array (Cretich et al. 2006 ).
Proteomics applied to large-scale mammalian cell culture
There have been a number of studies published to date using proteomic technologies to gain insights Cytotechnology (2007) 53:23-31 25 into the biology of mammalian cell lines used for biopharmaceutical production. Some of the studies have directly compared different clonal cell lines producing various levels of recombinant protein (from 'low' to 'high' producers), while other studies have used proteomic tools to gain an understanding to why media supplementation (e.g. butyrate, DMSO), metabolic shift, and temperature shift, for example, cause this increase in productivity of recombinant proteins. The ultimate aim from all of these studies is to potentially develop a 'hyper-producing' cell line.
High Productivity
A recent publication by Nissom et al. (2006) compared recombinant CHO cells expressing differing amounts of green fluorescent protein (GFP) using a combination of transcriptome and proteome analysis. High producers were selected using FACS analysis. Proteomic profiling was performed using iTRAQ labelling of samples, followed by nano LC and mass spectrometry for protein quantitation and identification. A large number of proteins were identified that were involved in processes related to protein biosynthesis and folding, including EIF2S3 (eukaryotic translation initiation factor 2 subunit 3) and Hspd1 (60 kDa heat shock protein, mitochondrial precursor), and are among a list of 20 differentially regulated proteins provided in this publication. A number of proteins involved in chromatin modification (Hmgb1 and Histone H1.2), cellular growth (S100a11), carbohydrate metabolism (Mdh2-malate dehydrogenase), signal transduction (Annexin A1) and transport (vimentin) were also found to be altered in the high producing CHO cell line. Smales et al. (2004) used 2D electrophoresis and mass spectrometry to compare NS0 cells with varying levels of recombinant monoclonal antibody productivity. Four recombinant NS0 cell lines were selected that had approximately equal growth rates but varying Mab specific production rates. A number of proteins found to be up-regulated with increasing levels of Mab productivity included the ER luminal chaperones involved in Mab folding, (ENPL (endoplasmin) and BiP (GRP78)), the non-ER cytosolic and mitochondrial chaperones (HSC7 and HSP60), proteins involved in mRNA translation (TCTP, translationally controlled tumour protein), nucleoside metabolism (NDKA), and oxidative stress (PDX1). Down regulated proteins included two glycolytic enzymes (ALFA and KPYc). Protein Disulphide Isomerase (PDI) was also found to increase with lower statistical significance than set as criteria for the other protein changes in these experiments. The ER luminal chaperones ENPL, BiP and PDI are known to be involved in Mab synthesis and assembly (Meunier et al. 2002) . HSP60 and HSC7 are both thought to have antiapoptotic functions (Kirchhoff et al. 2002; Mosser et al. 2000) . In a related study (Alete et al. 2005) , the microsomal component was isolated from the same set of NS0 cells and proteomic analyses was performed, and again PDI and BiP were found to be increased with increased levels of Mab productivity. Other proteins altered were from diverse functional groups such as cellular metabolism, cytoskeletal organisation, protein turnover and mAb folding/assembly. One of the more interesting protein changes was the cytoskeletal protein, cofilin that was increased with increased specific productivity. This protein is involved in the reversible control of actin polymerisation and depolymerisation, which are both crucial components of cytoskeletal organisation. It is becoming clear that the cellular cytoskeletal apparatus interacts functionally with the translational apparatus and that interference may lead to a reduction in global protein synthesis (Stapulionis et al. 1997) . In a more recent study on the same set of samples from this group, a set of 79 proteins identified in NS0 cells were analysed in abundance across all the four NS0 cell lines with varying levels of specific monoclonal antibody productivity, to statistically determine if particular cell lines have distinct functional capabilities that facilitate production of monoclonal antibodies (Dinnis et al. 2006) . They found that the relative abundance of proteins in ER chaperone, non-ER chaperone, cytoskeletal, cell signalling, metabolic and mitochondrial categories were significantly increased with increased productivity of Mab. They suggest that individual cells within parental populations are more functionally equipped for high-level recombinant protein production than others, and that this bias could be used to select cells that are more likely to achieve high productivity. Seth et al. (2006) profiled NS0 cells with high productivity levels using 2D gels and iTRAQ labelling in conjunction with their microarray profiling of the same sample set. Using these combined approaches they found that a large number of genes/proteins related to protein synthesis pathways and functions related to cell growth and death were altered in the high producing cell lines. The 22 protein changes were identified using 2D-PAGE and MS, while a further 30 proteins were identified using iTRAQ labelling and mass spectrometry identification of differentially regulated proteins, and are listed in this manuscript. It is also worth noting that the functional categories differ somewhat between the transcriptomic and proteomic results, for example they found that genes altered from the cell growth/death categories were more prominent at the transcript level. They also compared their data set to that of Smales et al. (2004) , and found some commonly regulated proteins such as up regulated expression of PDI and endoplasmin, but opposite regulation was shown for 60-kDa heat shock protein, mitochondrial precursor, and Stress-70 protein mitochondrial precursor.
Metabolic Shift
Mammalian cells produce large quantities of lactate and ammonia that can adversely affect cell growth resulting in low cell densities. By maintaining nutrients at low concentrations in a fed-batch culture with feeding in response to the estimated metabolic demand, cellular metabolism can be altered such that lactate and ammonia accumulation is reduced whereas cell and product concentration is increased (Zhou et al. 1997) . The shift in metabolism is reflected in the molar ratio of lactate produced to glucose consumed (DL/DG). At a metabolically shifted state, cells have markedly reduced glucose and other nutrient consumption and lactate production compared to cells in batch culture or in continuous culture without a metabolic shift. Korke et al. (2004) investigated the molecular mechanisms of metabolic shift using two continuous cultures with different steady states with a glucose consumption to lactate production molar ration of (DL/DG) of 0.08 and 1.4. The cells used were mouse-mouse hybridoma cell line MAK producing IgG monoclonal antibody. Proteomic analysis using 2D-PAGE and MS revealed a large number of proteins differentially regulated between the two sets of comparators including proteins involved in metabolism (e.g. glucose-6-phosphate isomerase, alpha enolase and L-lactate dehydrogenase), protein processing (proteasome activator complex subunit 1) and in cellular architecture (e.g. the cytoskeletal proteins, beta-actin and gamma-actin). In an earlier related study, Seow et al. (2001) identified 8 differentially regulated proteins related to metabolic shift including metabolic enzymes such as the glycolytic enzyme, phosphoglycerate mutase, and proteins involved in cellular architecture, such as beta-actin and gamma-actin. These two studies would appear to suggest that the actin content might be changing due to some cellular structure reorganisation during metabolic shift. It has been reported previously that an important mechanism that controls glycolysis is the reversible binding of glycolytic enzymes to the actin cytoskeleton (Knull and Walsh 1992; Bereiter-Hahn et al. 1995) .
Temperature Shift
Low temperature cultivation has been shown to be an important step, depending on the cell type and expression system used, to significantly improve the specific productivity of recombinant proteins (Yoon et al. 2003; Fox et al. 2004 ). The cellular and molecular mechanisms underlying the effects of low temperature on growth and productivity in mammalian cells is poorly understood. Using a combination of 2D PAGE and western blotting, Kaufmann et al. (1999) investigated the effect of low-cultivation temperature on productivity of recombinant CHO cells following a temperature shift from 37 to 30°C. They also looked at changes in tyrosine phosphorylation and its role in the cold shock response of CHO cells. They used CHO-K1 cells engineered to produce SEAP (secreted alkaline phosphatase), and found that the growth rate significantly decreased following temperature shift to 30°C but there was an associated 3.5-fold increase in production of SEAP protein. 2D gel electrophoresis showed 10 spots that had significantly higher or lower intensities in the 30°C gels compared to the 37°C standard gels, and western blotting showed altered levels of two tyrosine-phosphorylated proteins following time shift to 30°C. Baik et al. (2005) performed a transcriptome and proteome analysis on CHO cells producing recombinant erythropoietin (EPO) to investigate and understand the effects of low temperature cultivation on increased productivity of EPO (Yoon et al. 2003) . The expression levels of 7 proteins (PDI, vimentin, NDK B, ERp57, RIKEN cDNA, phosphoglycerate kinase, and heat shock cognate 71 kDa) were increased by over 2-fold at 33°C and two proteins (HSP90-beta and EF2) were decreased over 2-fold, compared to the reference temperature of 37°C. These proteins have a number of roles in cellular activities such as protein folding (PDI, ERp57, and heat shock cognate 71 kDa), metabolism (phosphoglycerate kinase, NDK B), protection from cell stress (HSP90-beta), and protein synthesis (EF2). EF2 is known to specifically promote the GTP-dependent translocation of the nascent protein chain from the a-site to the p-site of the ribosome and a decrease of cellular EF2 may cause an inhibition of protein synthesis (Elo et al. 2005) possibly resulting in decreased growth rate at low temperatures.
Media Supplementation
Hyperosmotic pressure, which can be induced by adding salts or sugars to culture media, has been suggested as an economical solution to increase the protein productivity in recombinant CHO cells (Chen et al. 1998; Kim et al. 2000) . Recombinant CHO cells expressing a monoclonal antibody were subjected to hyperomostic pressure in order to understand intracellular responses of these cells to hyperosmotic pressure . Proteome profiling experiments using 2D-PAGE and MS resulted in the identification of 3 proteins that were differentially regulated between cells cultured in standard media (300 mOsm/l) compared to hyperosmolar media at 450 mOsm/l (obtained through addition of NaCl). Two glycolytic enzymes, glyceraldehyde-3-phosphate dehydrogenase and pyruvate kinase were found to be up-regulated in the hyperosmolar media, and this may be due to an increased metabolic energy for antibody synthesis in these cells where they found that the hyperosmotic pressure enhanced specific glucose consumption rates, thus agreeing with the up-regulation of these enzymes. Specific antibody productivity was also increased by 139% compared with that obtained at 300 mOsm/l. Tubulin, a major component of microtubules, was down regulated in the hyperosmolar medium, and this may be due to alterations in cellular architecture as a result of increased productivity following hyperosmolar media conditions .
Van Dyk et al. (2003) investigated proteins potentially altered following elevated levels of human growth hormone (hGH) in recombinant CHO cells. Sodium butyrate is well known to enhance cellular productivity of recombinant proteins (Palermo et al. 1991 ), and appears to cause a complex series of changes in CHO cells that relate to longevity of culture and specific productivity. In this report, recombinant CHO cells expressing hGH were exposed to the media additives zinc and butyrate, and a number of cellular proteins were altered (i.e. increased expression) in response to these additives, resulting in a higher productivity of hGH. These were identified as GRP75 (mitochondrial member of the heat shock 70 family), enolase (glycolytic enzyme) and thioredoxin (involved in the biosynthetic reduction of ribonucleotides to deoxyribonucleotides) using a 2D-PAGE and mass spectrometry-based approach.
DMSO has previously been shown to increase specific productivity of a fusion protein in CHO cells (Liu et al. 2001a ) but it is not clear how DMSO exerts this effect to improve productivity. Li et al. (2006) investigated the effect of DMSO on increased productivity of hepatitis B surface antigen expression in recombinant CHO cells using differential protein profiling using a 2D-PAGE and MS-based approach. They identified seven proteins whose expression was significantly altered following exposure to DMSO and an associated increase in productivity. A number of proteins involved in metabolism, including 4 glycolytic enzymes (triosephosphate isomerase, GAPDH, aldolase and phosphoglycerate kinase) were shown to have down regulated expression.
Proteomic studies have also been performed to gain a better understanding of the molecular mechanisms that regulate cholesterol-dependent growth in NS0 cells (Seth et al. 2005) . NS0 cells by their nature are cholesterol-dependent, thus their growth is dependent on the provision of cholesterol to the medium; however this presents difficulties because of its poor solubility. NS0 cells are capable of cholesterol-free growth and can be isolated by selecting mutant clones (Birch et al. 1994) . Adaptation generally involves passaging cells over time during which the cholesterol concentration is gradually reduced (Sinacore et al. 1996) . In this study by Seth et al. (2005) , proteomic tools were used to compare the protein profiles of regular 'wild-type' NS0 cells and a 'revertant' cell line that can grow without cholesterol. 2D-PAGE and mass spectrometry identified 23 proteins that were differentially regulated in the revertant cells.
Conclusions
A number of studies have been performed to date profiling mammalian cells used for biopharmaceutical production to gain a better understanding of the biology of these cells, with the ultimate aim to generate a cellular phenotype capable of high productivity of recombinant protein. The data generated so far from these studies is suggesting that a wide range of cellular mechanisms are altered in high producing cells, especially from categories such as protein folding and secretion, protein synthesis, cellular architecture (cytoskeleton), cellular metabolism (e.g. glucose, protein, lipid, etc.), cellular growth/death, and signal transduction. Challenges lie ahead in trying to make sense of all these data that have been generated so far and will do so in the future, as proteomic technologies continue to develop. However, these studies will allow a greater insight into the biology of these cells which have been poorly understood to date, and ultimately leading to the development of a hyper-producing cell line.
